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Summary
Objective: To investigate the ability of delayed gadolinium-enhanced magnetic resonance (MR) imaging of cartilage (dGEMRIC) and T2 map-
ping to evaluate the quality of repair tissue after microfracture.
Design: Twelve knees from 12 goats were studied. An osteochondral defect (diameter, 6 mm; depth, 3 mm) with microfracture was created in
the weight-bearing aspect of both the medial and lateral femoral condyles. Goats were euthanized at 24 weeks (n¼ 6) and 48 weeks (n¼ 6)
postsurgery. Pre-contrast R1 (R1pre) and post-contrast R1 (R1post) measurements for dGEMRIC and a pre-contrast T2 measurement for T2
mapping were performed with a 3 T MR imaging system. MR imaging ﬁndings were compared with histological and biochemical assessments.
Results: In native cartilage, signiﬁcant correlations were observed between the R1post and the glycosaminoglycan (GAG) concentration, as
well as DR1 (difference between the R1pre and R1post) and the GAG concentration (P< 0.05). In repair tissue, a signiﬁcant correlation was
observed between DR1 and the GAG concentration (P< 0.05), but not between the R1post and the GAG concentration. In both repair tissue
and native cartilage, no correlation was observed between T2 and the water concentration or between T2 and the hydroxyproline (HP) con-
centration. A zonal variation of T2 and a clear dependence of T2 on the angles relative to B0 were observed in native cartilage, but not in repair
tissue.
Conclusion: dGEMRIC with DR1 measurement might be useful for the evaluation of the GAG concentration in repair tissue after microfracture.
T2 mapping might be useful for the differentiation of repair tissue after microfracture from native cartilage; however, its potential to assess the
speciﬁc biochemical markers in native cartilage as well as repair tissue may be limited.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Several cartilage repair techniques have been employed for
the treatment of cartilage defects, such as microfracture1,2,
subchondral drilling3,4, osteochondral autograft transplanta-
tion (OAT)5,6, and autologous chondrocyte implantation
(ACI)7,8. Microfracture is one of the most widely used tech-
niques, and its goal is to recruit pluripotent mesenchymal
cells from the bone marrow to synthesize repair tissue
that will cover the defect9,10. Fair to good short-term clinical
results with microfracture have been reported11e13, how-
ever, the advantages and disadvantages of microfracture
compared with the other cartilage repair techniques for
the quality of repair tissue are still unclear14. As the quality
of repair tissue may affect the operative outcome and long-
term durability15,16, a better understanding of the quality of
the repair of tissue with this technique would be useful. Until*Address correspondence and reprint requests to: Atsuya
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1341now, quantitative evaluation of repair tissue was achieved
only by invasive methods, such as second-look arthroscopy
with biopsy.
In recent years, several qualitative magnetic resonance
(MR) imaging techniques have been developed to monitor
the cartilage matrix status17. Delayed gadolinium-enhanced
MR imaging of cartilage (dGEMRIC) is sensitive to the con-
centration of glycosaminoglycan (GAG) in cartilage18,19,
whereas transverse relaxation time (T2)mapping is sensitive
to the integrity of the collagen network structure, collagen
concentration, and water concentration in cartilage20e22. As
GAG and collagen are the two major solid constituents of ar-
ticular cartilage, monitoring them with these techniques is
useful for determining the quality and function of cartilage.
dGEMRIC and T2 mapping were used in numerous studies
that involved mainly degenerative cartilage associated with
osteoarthritis (OA)23e25, and theymayalsohave the potential
to assess the cartilage matrix status in repair tissue after car-
tilage repair techniques.
On the other hand, the abilities of dGEMRIC and T2 map-
ping to monitor the cartilage matrix components remain
controversial26. Theoretically, dGEMRIC should be a spe-
ciﬁc method of monitoring the GAG concentration18,19.
Fig. 1. Surgical photograph of a goat knee. An osteochondral defect
(diameter 6 mm, depth 3 mm) was created in the central weight-
bearing aspect of both the medial and the lateral femoral condyles
of the left hind leg. Microfracture was performed at each defect site
to penetrate the subchondral bone plate.
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the GAG concentration in cartilage by use of post-contrast
T1, such as unknown actual plasma contrast agent concen-
tration, variations in transport and diffusion of the contrast
agent into cartilage, and variations in pre-contrast T1 and
relaxivity of the contrast agent depending on the condition
of cartilage, have been indicated26e29. Despite these possi-
ble limitations, dGEMRIC seems to represent mainly the
GAG concentration in degenerative cartilage associated
with OA18,19,30. In the evaluation of repair tissue, it was sug-
gested that not only the post-contrast T1 measurement but
also the pre-contrast T1 measurement was necessary to
evaluate the GAG concentration in repair tissue after ACI
surgery, as repair tissue had a noticeable pre-contrast T1
elevation compared to native cartilage31,32. However, be-
cause previous studies included small numbers of patients
treated with ACI, the necessity of pre-contrast T1 measure-
ment and the usefulness of dGEMRIC in evaluating repair
tissue after microfracture remain unclear.
T2 of cartilage can be affected by many factors related to
the structural and molecular state of cartilage, and these fac-
tors might have a competitive effect26. In addition, the T2 of
cartilage varies according to the relationship between the col-
lagen network and the orientation of the static magnetic ﬁeld
(B0) due to the orientation-dependent dipolar interaction33,34.
Thus, the observed T2 of cartilage represents the sum of
these various factors, which should be taken into account
for the evaluation of cartilage matrix status. An increased
T2 observed in degenerative cartilage associated with OA
seems to representmainly disrupted collagen anisotropy, de-
creased collagen concentration, and increased water con-
centration21,22,35e37. In the evaluation of repair cartilage,
the usefulness of T2 mapping in the differentiation of normal
hyaline cartilage and repair tissue by use of the T2 character-
istics in each tissue has been reported38e40. However, these
studies lacked biochemical and/or histological analyses, and
the factors that affect T2 in repair tissue are still unclear.
Thus, the aim of this study was to investigate the ability of
dGEMRIC and T2 mapping to evaluate the quality of repair
tissue after microfracture. In this study, the goat was se-
lected, as it has been used to evaluate repair of cartilage
in previous studies, its biomechanical properties and knee
anatomy are similar to those of humans, and its cartilage
is relatively thick41e43.Materials and methodsSTUDY ANIMALSTwelve knees from 12 female goats (2e3 years of age; 50e70 kg) were
studied. Our study was performed in accordance with the Swiss Animal Pro-
tection Law and was approved by the institutional animal care committee of
Bern University.OPERATIVE PROCEDUREWith animals under general anesthesia, an osteochondral defect (diame-
ter 6 mm, depth 3 mm) was created with a 6 mm-diameter drill in the central
weight-bearing aspect of both the medial and lateral femoral condyles of the
left hind leg. To prevent producing necrosis at the surgical site, drilling was
performed manually under constant irrigation with 0.9% NaCl. Then micro-
fracture was performed at each defect site by a dedicated device to pene-
trate the subchondral bone plate (Fig. 1). Postoperatively, all goats were
conﬁned to a stall for 7 days and were walked once daily with free weight
bearing. Thereafter, they had access to an outdoor facility with no restriction
on activity. Goats were euthanized at 24 weeks (n¼ 6) and 48 weeks (n¼ 6)
postsurgery, and operated knee joints were harvested for assessment. Be-
cause it has been suggested that the maturation of repair tissue after carti-
lage repair techniques may continue for at least a year postsurgery44e47,
24 and 48 weeks of follow-up were selected.SAMPLE PREPARATION FOR MR IMAGINGImmediately after euthanasia, cartilage specimens approximately
1 cm 2 cm were sawed off both the medial and lateral condyles in the cor-
onal plane to include the repair site at the center of the specimens and the
underlying subchondral bone and bone marrow. Sample preparation for
dGEMRIC was performed with reference to the previously reported stud-
ies18,30. Each specimen was placed into a plastic tube that contained 0.9%
normal saline kept at the same temperature as that in the MR imaging
room. Pre-contrast MR imaging was performed, after which each specimen
was placed into a plastic bottle that contained 200 ml of 0.5 mM gadopentate
dimeglumine (Gd-DTPA2; Magnevist; Schering, Berlin, Germany) in 0.9%
normal saline. The plastic bottles were placed into a refrigerator at 4C and
equilibrated overnight with continuous stirring. Each specimen was then
placed into a plastic tube containing 0.5 mM Gd-DTPA2 in 0.9% normal sa-
line, which was kept at the same temperature as that in the MR imaging
room, and then post-contrast MR imaging was performed.MR IMAGINGMR imaging was performed with an MR imaging system at 3.0 T (Trio;
Siemens, Erlangen, Germany) with a receive-only, nonphased-array wrist
coil.
The local concentration of Gd-DTPA2 penetrating the tissue is governed
by the equation:
h
Gd-DTPA2L
i
[1=r ðR1postLR1preÞ ð1Þ
where r is the relaxivity of Gd-DTPA2, R1¼ 1/T1 (longitudinal relaxation
time), R1pre is pre-contrast R1, and R1post is post-contrast R1.
To investigate the necessity of the pre-contrast T1 measurement, R1pre
and R1post measurements were performed following the previous study31.
R1 measurement was performed using a fast-spin-echo inversion-recovery
(FSE-IR) sequence (2670 ms repetition time, 14 ms echo time, seven inver-
sion times of 40, 80, 160, 320, 640, 1280, and 2560 ms, 130 130 mm ﬁeld
of view, 2.0 mm section thickness, 512 512 matrix, 1 excitation, 7 turbo
spin echo factor, and 130 kHz bandwidth). T2 measurement was performed
using a multi-spin-echo (MSE) sequence (1500 ms repetition time, 10 echo
times of 10.9e109 ms, 130 130 mm ﬁeld of view, 2.0 mm slice thickness,
512 512 matrix, 1 excitation, and 280 kHz bandwidth). Single-slice acquisi-
tion was used for both R1 and T2 measurements to exclude undesirable fac-
tors, such as magnetization transfer48,49 and cross-talk50, both of which
might occur if multislice acquisition were used.
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day of euthanasia. For the R1pre measurement, the specimens were set in
the magnet with the articular surface perpendicular to B0. The center of the
reparative cartilage was identiﬁed from the set of detailed T1-weighted,
three-dimensional, gradient-echo images, which was termed morphological
images (12 ms repetition time, 4 ms echo time, 130 130 mm ﬁeld of
view, 1.0 mm slice thickness, 512 512 matrix, 1 excitation, and 130 kHz
bandwidth). R1pre measurements in the coronal plane were performed for
a slice that passed through the center of the repair tissue. For the T2 mea-
surement, MR imaging was performed at four different orientations with re-
spect to B0 to investigate whether the T2 of repair tissue and native
cartilage varies according to the relationship between the collagen network
and the orientation of B0.
First, the specimen was set in the magnet with the articular surface per-
pendicular to B0 (0). Then, the plastic tube with the specimen was set in
the magnet with the articular surface at 30, 55 (magic angle), and 90 rel-
ative to B0. Each angle within the different measurements was assured as
follows: the template that indicated the angles was prepared and ﬁxed in
the coil. Then the plastic tube with the specimen, on which the direction of
the articular surface was marked, was put onto the template and turned man-
ually to the directed angle (Fig. 2). For each orientation, the T2 measurement
was performed on the same slice as that used for the R1 measurement.
On the following day, post-contrast MR imaging of the prepared specimen
was performed. The R1post measurement was performed in the same man-
ner as that used for the R1pre measurement.
For the R1post measurement and T2 measurement, the corresponding
slice that was used for the R1pre measurement was identiﬁed carefully
with the morphological images, and the morphological images were acquired
repeatedly if needed.IMAGE ANALYSISR1pre, R1post, and the difference between R1pre and R1post (DR1)-cal-
culated maps, as well as T2-calculated maps, were generated using MAT-
LAB (The Mathworks, Natick, MA) with a mono-exponential curve ﬁt. With
MATLAB, color-coded R1- and T2-calculated maps of the cartilage, seg-
mented manually, were overlaid on the inversion recovery image that hadFig. 2. A custommade device to assure each angle within the differ-
ent measurements. The template that indicated the angles was pre-
pared and ﬁxed in the coil. Then, the plastic tube with the specimen,
on which the direction of the articular surface was marked, was put
onto the template and turned manually to the directed angle.an inversion time of 2560 ms and on the MSE image that had an echo
time of 21.8 ms, respectively.
For R1 and T2 measurements, the region of interest (ROI) for repair tissue
was drawn over the whole repair site. The ROI for native cartilage was drawn
over the full-thickness weight-bearing areas of the femoral condyle at both
sides of the repair site, which was about 3 mm from the edge of the repair
site, and the mean values of R1 and T2 were used. T2 measured at 0 rela-
tive to B0 using the above ROI setting was termed bulk T2.
In addition, the zonal variation of T2 in repair tissue and native cartilage
was evaluated. The cartilage was divided into two layers (superﬁcial and
deep) parallel to the cartilage/bone interface with a thickness of half the total
cartilage thickness. Then, the ROI was drawn over the whole area of each
layer in the same manner as described above.
To standardize the procedure, all segmentations and ROI settings were
performed by a single investigator.BIOCHEMICAL AND HISTOLOGICAL ANALYSISAfter MR imaging, each specimen was sectioned into halves through the
center of the repair site in the long axis plane that corresponded as closely as
possible to the coronal plane used for MR imaging. From one half of the
specimen, the whole area of repair tissue at the repair site and the native car-
tilage at the weight-bearing areas of the femoral condyle at both sides of the
repair site, which was about 3 mm from the edge of the repair site, was har-
vested. The concentration of GAG and hydroxyproline (HP), a major compo-
nent of collagen, in both repair tissue and native cartilage, was measured by
high performance liquid chromatography (HPLC). The water concentration of
repair tissue and native cartilage was also measured.
The other half of the specimenwas ﬁxed in 10% buffered formalin and decal-
ciﬁed in 25% ethylenediaminetetraacetic acid (EDTA). The specimen was sub-
sequently parafﬁn-embedded, and 5-mm slices were cut. Sections were stained
with Safranin-O, alcian blue, and hematoxylin and eosin (H&E) for general his-
tology, and immunostaining for type I and II collagenwasalso performed.Repair
tissue was assessed with a 27-point modiﬁed O’Driscoll scoring scale that was
designed for the evaluation of repair cartilage51. Native cartilage at weight-bear-
ingareasof the femoral condyleatbothsidesof the repair sitewasassessedwith
a 14-point Mankin scoring scale that was designed for the evaluation of degen-
erative cartilage52. Additional sections were prepared to assess collagen distri-
butionbymeansofpolarized lightmicroscopy (PLM).Repair cartilageandnative
cartilagewere graded according to collagen network organization: normal archi-
tecture, partially disorganized, and totally disorganized.DATA AND STATISTICAL ANALYSISThe difference in ﬁndings of image, biochemical, and histological analyses
between repair tissue and native cartilage, as well as those of repair tissue be-
tween the 24- and 48-week follow-up groups was evaluated with Student’s t
test for non-paired samples. The difference in T2 between that measured at
0, 30, 55, and 90 relative to B0 in each superﬁcial and deep layer of repair
tissue and native cartilage was evaluated with a one-way analysis of variance
(ANOVA). The relationship between R1post and the GAG concentration, be-
tween DR1 and the GAG concentration, between bulk T2 and the HP concen-
tration, and between bulk T2 and the water concentration in both native
cartilage and repair tissue was studied with regression analysis. Statistical sig-
niﬁcance was deﬁned as P< 0.05. Statistical software (SPSS, version 15.0,
SPSS Inc., Chicago, IL) was used for all analyses.ResultsFINDINGS OF IMAGE ANALYSISCompared with native cartilage, the mean R1pre of the
repair tissue was lower (P< 0.05), while the mean
R1post and DR1 of the repair tissue were higher
(P< 0.05, Table I). R1pre, R1post, and DR1-calculated
maps of a representative cartilage specimen are shown
in Fig. 3. There was no signiﬁcant difference in the mean
R1pre and R1post between the 24- and the 48-week fol-
low-up groups, while the mean DR1 of repair tissue in
the 24-week follow-up group was higher than that in the
48-week follow-up group (P< 0.05, Table II). The mean
bulk T2 of the repair tissue was higher than that of native
cartilage (P< 0.05, Table I). There was no signiﬁcant dif-
ference in the mean bulk T2 of repair tissue between the
24- and the 48-week follow-up groups (Table II). The
mean T2 measured at 0, 30, 55, and 90 relative to
Table I
The mean R1pre, R1post, DR1, T2 at 0(, GAG concentration, wa-
ter concentration, HP concentration, modified O’Driscoll score,
Mankin score, and PLM grading of the repair tissue and native
cartilage
Parameters Repair tissue
(n¼ 24)
Native cartilage
(n¼ 24)
Mean R1pre (1/s) 0.9 0.1* 1.1 0.1*
Mean R1post (1/s) 2.8 0.2** 2.3 0.2**
Mean DR1 (1/s) 1.9 0.2y 1.3 0.1y
Mean bulk T2 (ms) 51.4 5.8z 35.3 4.9z
GAG concentration (mg/mg) 144 41.2x 230 44.5x
Water concentration (%) 74.1 6.0jj 70.4 4.3jj
HP concentration (mg/mg) 48.9 10.8{ 63.1 10.9{
Modiﬁed O’Driscoll score (points) 15.4 4.1 N/A
Mankin score (points) N/A 12.1 1.1
PLM grading (specimens)
Organized 0 22
Partially disorganized 0 2
Disorganized 24 0
N/A: not applicable, *,**,y,z,x,jj,{P< 0.05, mean SD.
Table II
The mean R1pre, R1post, DR1, T2 at 0(, GAG concentration, wa-
ter concentration, HP concentration, modified O’Driscoll score,
Mankin score, and PLM grading of the repair tissue in the
24-week and the 48-week follow-up groups
Parameters 24-Week follow-up
(n¼ 12)
48-Week follow-up
(n¼ 12)
Mean R1pre (1/s) 0.9 0.1 0.9 0.1
Mean R1post (1/s) 2.8 0.1 2.8 0.2
Mean DR1 (1/s) 2.0 0.2* 1.8 0.1*
Mean bulk T2 (ms) 52.2 6.0 49.8 5.7
GAG concentration
(mg/mg)
123 31.2** 165 40.2**
Water concentration (%) 75.7 6.7 72.5 5.0
HP concentration
(mg/mg)
44.5 10.2y 53.3 9.8y
Modiﬁed O’Driscoll
score (points)
16.3 4.7 14.6 3.6
Mankin score (points) 12.1 1.2 12.2 0.9
PLM grading (specimens)
Organized 0 0
Partially disorganized 0 0
Disorganized 12 12
*,**,yP< 0.05, meanSD.
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and native cartilage is shown in Fig. 4. In native cartilage,
there were signiﬁcant differences between the mean T2 of
both the superﬁcial and deep layers at 0 and 30, 0 and
55, 0 and 90, 30 and 55, and 55 and 90 (P< 0.05).
In contrast, in repair tissue, a signiﬁcant difference was ob-
served only between the mean T2 of both the superﬁcial
and deep layers at 0 and 55 (P< 0.05). In native carti-
lage, the mean T2 of the superﬁcial layer was signiﬁcantly
longer than that of the deep layer at 0, 30, and 90
(P< 0.05), and there was no signiﬁcant difference between
the mean T2 of the superﬁcial layer and the deep layer at
55. In repair cartilage, no signiﬁcant difference existed be-
tween the mean T2 of the superﬁcial layer and the deep
layer at all of the measured angles. In both the superﬁcial
and deep layers, the mean T2 of repair cartilage at any de-
grees was signiﬁcantly higher than that of native cartilage
at any degrees, except the mean T2 of repair cartilage at
0 and the mean T2 of native cartilage at 55 (P< 0.05).
In the PLM grading, all native cartilage, except two native
cartilage samples graded as partially disorganized, was
graded as organized (Table I). T2-calculated maps of the
cartilage specimen measured at 0, 30, 55, and 90
relative to B0 are shown in Fig. 5.FINDINGS OF BIOCHEMICAL ANALYSISThe mean GAG concentration of repair tissue was lower
than that of native cartilage (Table I). The mean GAGFig. 3. R1pre-calculated map (A), R1post-calculated map (B), and DR1-c
harvested 48 months postsurgery. The cartilage specimen in Figs. 3 and
appears lower than that of adjacent native cartilage. The R1post of repair
The DR1 of repair tissue appears considerably hconcentration of repair tissue in the 24-week follow-up
group was lower than that in the 48-week follow-up group
(P< 0.05, Table II). The mean water concentration of repair
tissue was higher than that of native cartilage (P< 0.05, Ta-
ble I). There was no signiﬁcant difference in the mean water
concentration of repair tissue between the 24- and 48-week
follow-up groups (Table II). The mean HP concentration of
repair tissue was lower than that of native cartilage
(P< 0.05, Table I). The mean HP concentration of repair tis-
sue in the 24-week follow-up group was lower than that in
the 48-week follow-up group (P< 0.05, Table II).FINDINGS OF HISTOLOGICAL ANALYSISHistological sections of the representative cartilage speci-
men are shown in (Fig. 6). Themean Mankin score of the na-
tive cartilage adjacent to the repair site was 12.1 1.1 (Table
I), and therewas no signiﬁcant difference in themeanMankin
score of the native cartilage between the 24- and 48-week fol-
low-up groups (Table II). ThemeanmodiﬁedO’Driscoll score
of the repair tissuewas 15.4 4.1 (Table I), and there was no
signiﬁcant difference in themeanmodiﬁedO’Driscoll score of
the repair tissue between the 24- and 48-week follow-up
groups (Table II).
In the PLM grading, all native cartilage, except two native
cartilage samples graded as partially disorganized, was
graded as organized (Table I). On the other hand, all repairalculated map (C) of a representative cartilage specimen that was
5 is the same as that in Fig. 6. The R1pre of repair tissue (arrows)
tissue appears slightly higher than that of adjacent native cartilage.
igher than that of adjacent native cartilage.
Fig. 4. The difference in T2 between that measured at 0, 30, 55,
and 90 relative to B0 in each superﬁcial and deep layer of repair
tissue and native cartilage. The bar indicates the standard error
of the mean.
1345Osteoarthritis and Cartilage Vol. 17, No. 10tissue was graded as disorganized, with collagen structure
that was random in all directions and with no zonal collagen
architecture (Table I).REGRESSION ANALYSISIn native cartilage, signiﬁcant correlations were observed
between R1post and the GAG concentration and between
DR1 and the GAG concentration (r¼ 0.61 and 0.69, respec-
tively, P< 0.05). In repair tissue, a signiﬁcant correlation
was observed between DR1 and the GAG concentrationFig. 5. T2-calculated map of the cartilage specimen measured at 0 (A), 30
T2 on the angles relative to B0 was observed in repair tissue (arrows), whil
in adjacent nativ(r¼ 0.50, P< 0.05), but not between R1post and the GAG
concentration (r¼ 0.21, P¼ 0.32) (Fig. 7).
In both repair tissue and native cartilage, no signiﬁcant cor-
relationwas observed between T2 at 0 relative to B0 and the
water concentration (r¼ 0.089, P¼ 0.678, and r¼ 0.148,
P¼ 0.490, respectively). In both repair tissue and native car-
tilage, no signiﬁcant correlation was observed between T2 at
0 relative to B0 and the HP concentration (r¼ 0.286,
P¼ 0.176, and r¼ 0.086, P¼ 0.690, respectively) (Fig. 8).Discussion
In the present study, signiﬁcant correlations were identi-
ﬁed between R1post and the GAG concentration and DR1
and the GAG concentration in native cartilage. Since the
native cartilage adjacent to the repair site was slightly to
mildly degenerated by histological analysis, these ﬁndings
suggest that the evaluation of the GAG concentration in
slightly to mildly degenerated native cartilage with dGEM-
RIC can be achieved with only the R1post measurement.
In contrast, a signiﬁcant correlation was identiﬁed only
between DR1 and the GAG concentration in repair tissue.
These ﬁndings suggest that evaluation of the GAG concen-
tration in repair tissue using dGEMRIC requires the mea-
surement of DR1. The fact that the difference in the GAG
concentration between repair tissue at 24 and 48 weeks
could be evaluated with dGEMRIC using DR1 measure-
ment might support the usefulness of dGEMRIC as a mea-
sure of the GAG concentration in repair tissue. The (B), 55 (C), and 90 (D) relative to B0. No obvious dependence of
e clear dependence of T2 on the angles relative to B0 was observed
e cartilage.
Fig. 6. Histological sections of the cartilage specimen stained with Safranin-O (A), alcian blue (B), and H&E (C) for general histology, and with
type II collagen (D) for immunostaining (10). A hyaline-like repair tissue with relatively good repair in structure, distribution of proteoglycan,
and distribution of type II collagen, was observed at the repair site (arrows).
1346 A. Watanabe et al.: Ability of dGEMRIC and T2 mapping to evaluate cartilage repairdecreased R1pre in repair tissue was possibly caused by
increased water concentration, decreased macromolecular
matrix component concentrations, or differences in the col-
lagen network structure53. The necessity of performing both
pre-contrast MR imaging and post-contrast MR imaging
with a 2-h delay makes it difﬁcult to use dGEMRIC clinically.
However, evaluation with post-contrast MR imaging alone
might lead to overestimation of the GAG concentration in re-
pair tissue31.Fig. 7. Quantitative correlation of R1post and the GAG concentration in re
tion in repair tissue (B), R1post and the GAG concentration in native cart
signiﬁcant correlation was observed between DR1 and the GAG concentr
centration in native cartilage (r¼ 0.61, P< 0.05), and DR1 and the GAG
correlation was observed between R1post andFrom the results of the present study, the characteristics
of T2 in repair tissue after microfracture compared with na-
tive cartilage, are summarized as follows: the bulk T2 of
repair tissue was signiﬁcantly longer than that of native car-
tilage; no zonal variation of T2 was observed in repair
tissue, while clear zonal variation related to depth of carti-
lage was observed in native cartilage; less clear depen-
dence of T2 on the angles relative to B0 was observed in
both the superﬁcial and deep layers of repair tissuepair tissue determined by HPLC (A), DR1 and the GAG concentra-
ilage (C), DR1 and the GAG concentration in native cartilage (D). A
ation in repair tissue (r¼ 0.50, P< 0.05), R1post and the GAG con-
concentration in native cartilage (r¼ 0.69, P< 0.05). No signiﬁcant
the GAG concentration in repair tissue.
Fig. 8. Quantitative correlation of T2 at 0 relative to B0 and the water concentration in repair tissue (A), T2 at 0 relative to B0 and the HP
concentration in repair tissue (B), T2 at 0 relative to B0 and the water concentration in native cartilage (C), T2 at 0 relative to B0 and the HP
concentration in native cartilage (D). No signiﬁcant correlation was observed between T2 at 0 relative to B0 and the water concentration in
both repair tissue and native cartilage. No signiﬁcant correlation was observed between T2 at 0 relative to B0 and the HP concentration in
both repair tissue and native cartilage.
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deep layers of native cartilage. These characteristics of
T2 in repair cartilage after microfracture might be due to
the higher water concentration, lower collagen concentra-
tion, and more disorganized collagen structure of repair tis-
sue that were observed with macromolecular and PLM
analysis. In particular, the less clear dependence of T2 on
the angles relative to B0 in repair tissue might be due to
the disorganized collagen structure, as the orientation-de-
pendent dipolar interaction is characterized by the highly or-
ganized collagen structure in hyaline cartilage33,34,54. In an
equine model, White and colleagues reported, using PLM,
that repair tissue after microfracture had a disorganized col-
lagen structure without zonal variation related to the depth
of cartilage38. They also reported that T2 of repair cartilage
after microfracture lacked zonal variation, and they demon-
strated the ability of T2 mapping to differentiate repair tissue
after microfracture from native cartilage as well as from re-
pair tissue after OAT. Their ﬁndings of PLM and T2 in repair
tissue after microfracture are in good agreement with our re-
sults. Thus, this study also supports the usefulness of T2
mapping for the differentiation of repair tissue after micro-
fracture from native cartilage. However, in the present
study, no signiﬁcant difference was observed in the mean
T2 of repair cartilage at 0 and the mean T2 of native carti-
lage at 55 in both the superﬁcial and deep layers. As the
T2 of repair tissue and native cartilage varies depending
on the angles relative to B0, these ﬁndings might indicate
that the T2 of repair tissue and native cartilage should be
compared at the equal angle relative to B0. In the present
study, no signiﬁcant correlation was observed between
bulk T2 and the water concentration nor between bulk T2
and the HP concentration in both native cartilage and repair
tissue, possibly because T2 represents not a single param-
eter but a comprehensive nature of cartilage, including thewater concentration, HP concentration, and collagen anisot-
ropy. Indeed, the signiﬁcant difference in HP concentration
between repair tissue at 24 weeks and at 48 weeks evalu-
ated by HPLC could not be differentiated with T2 mapping,
suggesting that T2 mapping might have a limited potential
to assess the speciﬁc biochemical markers in native carti-
lage as well as repair tissue.
In this study, the ability of dGEMRIC as well as T2 map-
ping to evaluate the quality of repair tissue was assessed
speciﬁcally with repair tissue after microfracture in a goat
model. We did not assess the possible difference in the na-
ture of repair tissue among different species55, different car-
tilage repair procedures11,38,56, and different parts of joint
defects13. Thus, our results cannot be simply applied for
evaluating repair tissue in general. This might be the major
limitation of this study. In addition, it has been reported in an
in vivo human study that the effect of orientation-dependent
dipolar interaction on T2 is substantially less than that pre-
dicted from ex vivo studies57. The difference of the effect of
orientation-dependent dipolar interaction on T2 between in
vivo study and ex vivo study should also be taken into ac-
count for the interpretation of our ﬁndings. As our study in-
cluded a relatively small number of specimens with a limited
condition of cartilage repair, further studies with larger num-
bers of specimens with different conditions of cartilage
repair are needed to validate the ability and feasibility of
dGEMRIC and T2 mapping as a measure of the quality of
repair tissue.
In conclusion, dGEMRIC with DR1 measurement might
be useful for the evaluation of the GAG concentration in
repair tissue after microfracture. T2 mapping might be
useful for the differentiation of repair tissue after micro-
fracture from native cartilage; however, T2 mapping might
have a limited potential to assess the speciﬁc biochemical
markers in native cartilage as well as repair tissue.
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